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Abstract

This study examined the toxicity of six Gambierdiscus species (Gambierdiscus belizeanus,
Gambierdiscus caribaeus, Gambierdiscus carolinianus, Gambierdiscus carpenteri, Gambierdiscus
ribotype 2 and Gambierdiscus ruetzleri) using a human erythrocyte lysis assay. In all, 56 isolates
were tested. The results showed certain species were significantly more toxic than others.
Depending on the species, hemolytic activity consistently increased by ~7-40% from log phase
growth to late log — early stationary growth phase and then declined in mid-stationary growth
phase. Increasing growth temperatures from 20 to 31 °C for clones of G. caribaeus showed only a
slight increase in hemolytic activity between 20 and 27 °C. Hemolytic activity in the G.
carolinianus isolates from different regions grown over the same 20-31 °C range remained
constant. These data suggest that growth temperature is not a significant factor in modulating the
inter-isolate and interspecific differences in hemolytic activity. The hemolytic activity of various
isolates measured repeatedly over a 2 year period remained constant, consistent with the hemolytic
compounds being constitutively produced and under strong genetic control. Depending on species,
greater than 60-90% of the total hemolytic activity was initially associated with the cell
membranes but diffused into solution over a 24 h assay incubation period at 4 °C. These findings
suggest that hemolytic compounds produced by Gambierdiscus isolates were held in membrane
bound vesicles as reported for brevetoxins produced by Karenia brevis. Gambierdiscus isolates

*The U.S. Government has the right to retain a nonexclusive, royalty-free license in and to any copyright covering this paper.
"Corresponding author. Tel.: +1 252 728 8791; fax: +1 252 728 8784. Wayne.L itaker@noaa.gov (R.W. Litaker).

Conflict of interest statement

The authors declare that there is no conflict of interest.

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://dx.doi.org/10.1016/j.toxicon.2012.12.016.

Definitions: Calpains, calcium-dependent, non-lysosomal cysteine proteases; Hemolytic assay, the abbreviated name for erythrocyte
lysis assay; LC-MS, Liquid chromatography-mass spectrometry; PLA2, phospholipase A2.


http://dx.doi.org/10.1016/j.toxicon.2012.12.016

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Holland et al.

Page 2

obtained from other parts of the world exhibited hemolytic activities comparable to those found in
the Caribbean and Gulf of Mexico confirming the range of toxicities is similar among
Gambierdiscus species worldwide. Experiments using specific inhibitors of the MTX pathway and
purified MTX, Gambierdiscus whole cell extracts, and hydrophilic cell extracts containing MTX,
were consistent with MTX as the primary hemolytic compound produced by Gambierdiscus
species. While the results from inhibition studies require validation by LC-MS analysis, the
available data strongly suggest differences in hemolytic activity observed in this study reflect
maitotoxicity.

Keywords

Cell lysis; Ciguatoxins; Ciguatera fish poisoning; Hemolytic assay; Maitotoxin; Regional
differences in toxicity

1. Introduction

Dinoflagellates in the genus Gambierdiscus produce potent polyketide neurotoxins known as
ciguatoxins and maitotoxins (Yasumoto, 2000). The lipophilic ciguatoxins (CTX)
bioaccumulate in the food chain causing ciguatera fish poisoning (CFP) (Bagnis et al.,
1980,1985). Globally, CFP is the most common cause of non-bacterial food poisoning
associated with eating fish (Friedman et al., 2008). Maitotoxins (MTX) are water soluble
and among the most toxic naturally occurring compounds known (Yokoyama et al., 1988).
Historically, MTX was not considered to be involved in causing CFP. Recent experimental
evidence, however, suggests that MTX can accumulate in the flesh of fish, at least
transiently, and the role of MTX in causing CFP should be reexamined (Kohli et al., 2012).
Interestingly, a great deal is known about the toxins produced by the genus Gambierdiscus,
but relatively little is known about how toxicity varies among species and isolates, by
geographic region, and growth conditions. Two factors have made addressing inter-isolate
and interspecific toxicity difficult. First, previous studies, with the exception of Chinain et al.
(2010), were conducted when the genus Gambierdiscus was considered to contain only one
species, Gambierdiscus toxicus. Over the past decade, ten additional Gambierdiscus species
have been described (Litaker et al., 2009; Fraga et al., 2011), suggesting that much of the
inter-isolate variation in previous studies may be attributable to inherent species-specific
differences in toxicity (Litaker et al., 2010). The second limitation is the lack of certified
LC-MS standards for the various CTX and MTX congeners. In the case of MTX, many of
these congeners have yet to be identified. For this reason, the toxicity of Gambierdiscus
isolates have been primarily assessed using the mouse LCsq bioassay, receptor binding
assay, or erythrocyte lysis assay (Yasumoto et al., 1979b; Nakajima et al., 1981; Holmes et
al., 1990; Diogene et al., 1995; Bignami et al., 1996; Louzao et al., 2006; Caillaud et al.,
2010; Chinain et al., 2010). In this study, we used the erythrocyte lysis assay developed by
Eschbach et al. (2001) as modified by Tatters et al. (2009) to determine how toxicity varies
among Gambierdiscus species. The assay is advantageous because it requires relatively little
starting material and is quick, highly reproducible, and cost-effective to perform.

Toxicon. Author manuscript; available in PMC 2019 April 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Holland et al.

Page 3

In all 56 Gambierdiscus isolates representing six species (Gambierdiscus belizeanus,
Gambierdiscus caribaeus, Gambierdiscus carolinianus, Gambierdiscus carpenteri,
Gambierdiscus ribotype 2 and Gambierdiscus ruetzleri) collected in the Caribbean as well as
a few isolates from two other species obtained from the Pacific (Gambierdiscus australes and
Gambierdiscus pacificus) were assayed. Because there were multiple isolates of each species
it was possible to distinguish interspecific from intraspecific differences in toxicity. The
study also examined how toxicity varied with growth phase, temperature, and by geographic
region.

A second part of this work involved supplemental studies to verify that MTX produced by
Gambierdiscus was the compound likely responsible for causing hemolytic activity
(YYasumoto et al., 1979b; Nakajima et al., 1981; Takahashi et al., 1982,1983; Murata et al.,
1992; Yasumoto, 2000). MTX alters ion transport systems causing an increase in free
intracellular CaZ* (Ohizumi and Yasumoto, 1983; Murata et al., 1994; Lundy et al., 2004;
Frew et al., 2008; Wang et al., 2009). The increase in intracellular Ca2* alters nerve
transmission and triggers muscle contraction, breakdown of phosphoinositides, activation of
calcium-dependent, non-lysosomal cysteine proteases (calpains), and release of arachidonic
acid and neurotransmitters (Frew et al., 2008; Wang et al., 2009). Mouse LDgq bioassay
studies used to assess maitotoxicity showed: (1) significant variability among isolates; (2)
toxicity peaked in late log to early stationary growth phase; (3) nutrient limitation,
particularly P-limitation (N:P > 30), caused maitotoxicity per cell to increase significantly,
and (4) maitotoxicity per cell in isolates grown under the same conditions remained constant
even after years in culture (Yasumoto et al., 1979a, 1979b; Bagnis et al., 1980; Higerd et al.,
1986; McMillan et al., 1986; Bomber et al., 1989b; Holmes et al., 1990; Micouin et al.,
1992; Sperr and Doucette, 1996; Chinain et al., 1999, 2010). If hemolytic activity measured
by the erythrocyte lysis assay reflects maitotoxicity, then the results from our study should
mirror the mouse LDsg results. Overall, this work represents the first major survey of
toxicity differences among Gambierdiscus isolates where those isolates have been
unambiguously identified using species-specific molecular assays (Litaker et al., 2009;
Vandersea et al., 2012).

2. Materials and methods

2.1. Algal cultures

Representative isolates of each species were obtained from the Provasoli — Guillard National
Center for Marine Algae and Microbiota (NCMA) or isolated directly from field material
(Litaker et al., 2009). Single cell isolates were established by first drawing individual
Gambierdiscus cells into a pulled Pasteur pipette and sequentially transferring them through
3-4 drops of sterile modified K medium (no TRIS, no Cu, no Si) made using Gulf Stream
water with a salinity of 33 (Keller et al., 1987). After the final transfer, each cell was placed
into a separate well of a 24-well tissue culture plate (TC-Plate 24 well, Costar, Lowell,
Massachusetts, USA) containing 2 mL of K medium. The plates were incubated at 27 °C,
12:12 L:D cycle, 71 to 82 mE m=2 s~1 under full spectrum lights (Blue Max F20-T12, Full
Spectrum Solutions, Mississippi, USA). When culture densities reached ~25-35 cells mL™1,
isolates were transferred to 50 mL glass culture flasks containing 30 mL of K medium for
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grow out. Single cell isolates from each of the NCMA cultures were established similarly to
ensure they were comparable to those isolated directly from field samples. The identity of
each isolate was confirmed by sequencing the D1-D3 rDNA region and comparing the
resulting sequences with those previously obtained from the known Gambierdiscus species
(Litaker et al., 2009).

The cultures used to assess hemolytic activity were initiated by adding 25 mL from the
single cell grow-out cultures to 125 mL of fresh K medium in a vented, polystyrene culture
flask (T-75, Corning Incorporated, Illinois, USA). These cultures were then incubated under
the same conditions as above. Cell counts and biovolumes for each culture were obtained
every two days by removing a 10 mL aliquot from each culture for analysis using a Coulter
Counter® (Beckman Coulter, Georgia, USA) cell counter equipped with a 280 um aperture
tube and set at a 1000 pL per 3.4 s flow rate. Manual counts were performed on one to two
samples from each species and found to be within 3% of the Coulter Counter estimate.
Growth rates were estimated by calculating the slope of the regression line between elapsed
time and the log 19 of the estimated cell density for each time point collected over the
previous 7-10 days. Cells for assessing hemolytic activity were harvested in log, late log -
early stationary and mid-stationary phase to determine if hemolytic activity varied with
growth phase. Log phase was defined as the period when the slope of the regression line
between elapsed time and logyg cell density was maximal. Late log phase - early stationary
phase samples were taken at the transition point where growth was slowing considerably but
had not yet reached zero. Mid stationary phase samples were taken at least 5 days after the
onset of zero or slightly negative growth. Negative growth was defined by a consistent
decrease in cell number measured on the Coulter Counter for at least six days. During this
period of negative growth, the drop in cell density from day to day was minimal.

2.2. Hemolytic assays

Human erythrocytes were obtained from the Red Cross (North Carolina, USA) and stored at
4 °C. Just before initiating the hemolytic assays, ~3 mL of erythrocytes per assay plate were
centrifuged at 537 x g (1727 rpm) at 4 °C for 5 min and the supernatant was carefully
removed. The pellet was then gently suspended in 10 mL of ELA buffer. The centrifugation
and resuspension step was carried out two or three more times until the supernatant was
completely clear, indicating that only intact erythrocytes remained. After the final
resuspension, the erythrocytes were diluted to a working concentration of between 4.2 and
4.7 x 10* cells mL™L. These erythrocytes gave very consistent hemolytic responses from
batch to batch when exposed to the same control concentration of saponin (20 ug per 125 L
~1 of ELA buffer), a detergent which causes erythrocytes to lyse (Tatters et al., 2009). A
saponin control was included with each assay to provide an estimate of the optical density
(OD) reading where complete lysis occurred.

The hemolytic assays were carried out in Fisherbrand© 96 well v-bottom plates (BD Falcon,
New York, USA). Column 1 served as a negative control, where 125 pL of ELA buffer and

125 pL of erythrocytes were added to each well. The lysis of erythrocytes in these wells was
minimal. Column 2 served as the positive control. Each well received 125 uL of erythrocytes
and 125 pL of a saponin solution (0.08 g in 50 mL of ELA buffer). In the initial experiments,
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columns 3-12 were used to test dilution series of either (1) whole cell extracts from the 56
Gambierdiscus isolates sampled during log, late log — early stationary, and midstationary
phase growth and (2) whole cell extracts of selected isolates grown at different temperatures.
The details for the whole cell extraction protocol are given Section 2.3. Each extract tested
was diluted 0, 1:10, 1:100, 1:500 and 1:1000 in ELA buffer. Every test well received 125 uL
of erythrocytes and 125 pL of diluted cell extract. After all reagents were added, the plates
were sealed with adhesive film (VWR, Georgia, USA) and incubated in a refrigerator for 24
hat4 °C.

After incubation, the plates were spun at 281 x g (1250 rpm) for 10 min at 4 °C. One
hundred and fifty uL of supernatant from each well was transferred to plates with round
bottom (u-shaped) wells (Part number 3595, Corning Incorporated, Illinois, USA). The plate
was then scanned at 415 nm using a Multiskan FC®© plate reader (Thermo Scientific,
Massachusetts, USA). The 415 nm wavelength was used because it is near the 414 nm
maximum absorption for hemoglobin (Tatters et al., 2009). To calculate % lysis, the average
negative control absorbance value (ELA and cells only) was determined, and then subtracted
from the values obtained from every well in columns 2-12. Next, a mean absorbance value
for the corrected saponin controls (maximal lysis) was calculated. The corrected values in
columns 3-12 were next divided by the mean corrected positive control value and multiplied
by 100 to estimate % lysis. The resulting cell equivalents added to each well along with their
corresponding % lysis values were entered into GraphPad Prism® program (GraphPad
Software, Inc., California, USA). This program is designed to calculate ECgg values based
on a sigmoidal dose response curve fit analysis (GraphPad Software, Inc., 1999). The ECxg
values were reported as either number of cells or equivalent cell volumes (um3) necessary to
lyse 50% of the erythrocytes. Lower ECgq values indicated more hemolytic activity.

2.3. Optimizing the extraction protocol

Our initial protocol development focused on determining if the cell lysis procedure was
releasing all the hemolytic compounds into solution. To test the lysis procedure, 10 mL
aliquots from log phase cultures (~ 750-1100 cells mL~1) were placed in 15 mL conical
tubes and spun for 10 min at 2240 x g (3525 rpm) at 4 °C in an Eppendorf® tabletop 5810 R
centrifuge (Eppendorf North America, New York, USA). The supernatant was removed and
the cells were resuspended in 1.5 mL of ELA buffer (Eschbach et al., 2001). The cells were
alternatively sonicated or exposed to successive freeze thaw cycles to disrupt the cell
membranes and release the cytoplasmic contents into solution. The cell lysate was spun at
2240 x gat 4 °C for 10 min to pellet the cellular debris. The supernatant containing MTX in
solution was removed and the remaining pellet suspended in 1.2 mL of ELA buffer. The
hemolytic activity of both the supernatant and the resuspended pellet were tested using the
hemolytic assay described below. Given that MTX is water soluble, it was expected that only
residual hemolytic activity would be associated with the cell debris. Surprisingly, repeated
testing showed that the majority of the hemolytic activity remained with the pellet and not in
the aqueous cell lysate suggesting incomplete cell lysis. However, examination of the lysed
cell pellet using 600 x light microscopy revealed the cells were completely disrupted.
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Further optimization studies determined that the cellular hemolytic activity could be most
reliably estimated using whole cell extracts prepared according to the following protocol. As
each culture entered log, late log — early stationary phase, and mid-stationary phase, a 10 mL
aliquot was removed and concentrated by pelleting for 10 min at 2240 x g at 4 °C. The
supernatant was carefully removed and the cell pellets were resuspended in 1.2 mL of ELA
buffer before being transferred to 2 mL microfuge tubes. The cells were then sonicated 3
times for 30 s using a Branson Sonifier equipped with a microtip (VWR Scientific, Georgia,
USA). Samples were always kept on ice to avoid overheating except when being
centrifuged. Just prior to running the assay, the cell debris and lysate were mixed to form a
homogenous suspension which was used to assay hemolytic activity. The variation among
the four replicates for each condition tested was always <0.1% indicating that cell debris
remained evenly suspended during the period when the aliquots were added to the wells.

Given that much of the hemolytic activity was associated with the cell debris immediately
after cell lysis, we undertook the following experiment to determine if the hemolytic
compound(s) associated with the cell debris was released into solution during the 24 h assay
incubation period. Release of the compound(s) would mean that additional extraction
methods were not required to estimate total hemolytic activity in the cell lysate. To test this
possibility, log phase cultures of Gambierdiscus ribotype 2 (CCMP isolate 1655) were
harvested, pelleted, and whole cell extracts prepared as described above. One set of three
aliquots extracted from the whole cell pellet was run using the standard assay procedure
using a dilution series of 0, 1:10, 1:100, 1:500 and 1:1000. A second set of triplicate aliquots
was centrifuged at 4000 rpm for 10 min to remove the cell debris. The supernatant from this
treatment was carefully removed without disturbing the pellet. The supernatant was then
diluted and run using the same assay procedures to confirm how much activity was
associated with the cell debris versus the cleared supernatant. A third set of whole cell
extracts was incubated at 4 °C for 24 h along with the standard assay plates containing the
first two sets of extracts. After 24 h, the first two sets of samples were analyzed for percent
lysis, and the third set spun down at 4000 rpm for 10 min to remove the cell debris. The
supernatant from the 24 incubation in ELA buffer was assayed to determine the amount of
hemolysis relative to the whole cell and cleared supernatant assayed on the previous day.
The results showed equivalent hemolysis in the whole cell extracts from day 1 and the
cleared supernatant from the pellet incubated for 24 h in ELA buffer. This confirmed that the
hemolytic compound was released into solution over the 24 h incubation period.

2.4. Cultures tested for hemolytic activity

Extracts from the 56 Gambierdiscus isolates listed in Table 1 were tested for hemolytic
activity in log, late log — early stationary, and mid stationary phase (Fig. S1). In addition, the
hemolytic activity of one G. caribaeus and two G. australes isolates from Hawaii, one G.
pacificus isolate from French Polynesia, and one G. carolinianus isolate from Crete were
assayed for comparative purposes (Table 1). The ECsq values for these isolates were
compared to those obtained for the Caribbean, Gulf of Mexico, and North Carolina isolates.
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2.5. Hemolytic activity versus growth temperature

Previous research showed the growth versus temperature relationship varies among
Gambierdiscus species (Tester et al., 2010; Kibler et al., 2012). If the pattern of hemolytic
activity also varies significantly among species with growth temperature, it would have
important implications for determining interspecies differences in hemolytic activity. For
example, 27 °C may be the optimal temperature for production of hemolytic compounds in
one species, but 22 °C in another. In this case, measuring both species simultaneously at
only 22 °C or 27 °C would not accurately reflect the interspecific differences in relative
hemolytic activity. In contrast, if changes in growth temperature up or down regulate
hemolytic activity in a consistent manner, then hemolytic activity measured at a single
growth temperature provides an indicator of interspecific and inter-strain differences in toxin
content.

To assess how the hemolytic activity might vary with growth temperature in Gambierdiscus
species, the hemolytic activity of five G. caribaeus and six G. carolinianus isolates grown at
20, 24, 27, and 31 °C were measured. Samples were taken for analysis from log, late log —
early stationary, and mid stationary phase cultures. These two species were selected because
they represent the extremes in growth response to changes in temperature (Kibler et al.,
2012). The growth optimum for G. caribaeus, for example, is ~31 °C compared to ~25 °C
for G. carolinianus (Kibler et al., 2012). Since these optima represent the extremes measured
among Gambierdiscus species to date, it is likely that their responses to changes in growth
temperature will be representative of other species in the genus. The isolates used in this
study were selected from different geographic regions to determine if location of origin
affected the observed response. Those regions included the western Caribbean and Gulf of
Mexico, the eastern Caribbean and Gulf of Mexico, and North Carolina. Within a region, the
isolates with the highest and lowest ECsq values were selected for inclusion in the
temperature study.

These experiments were carried out by establishing batch cultures of each isolate as
described previously. Cell densities were measured on a daily basis using a Coulter Counter.
When cultures entered log, late log — early stationary, or mid stationary phase, 10 mL
aliquots were removed, extracted and tested using the hemolytic protocol in Section 2.2.
Results were reported as ECs cells for each isolate, at each growth temperature and growth
phase.

2.6. Confirmation that MTX was responsible for the observed hemolytic activity

Because the definite LC-MS data are not available to confirm conclusively that the
hemolytic activity measured in this study was due to MTX, we undertook a series of
inhibition and heat treatment experiments further test whether MTX is the likely cause of the
observed hemolytic activities. The inhibition studies can be best understood by consulting
Fig. 5, which presents a proposed conceptual model of the MTX toxin pathway based on
current research findings. This diagram illustrates where each inhibitor can block the MTX
pathway. The initiation of the MTX pathway involves alteration of Ca2* transport systems so
that a large influx of extracellular CaZ* enters the cell. Data indicate that multiple ion
transport systems are affected by MTX (Few et al., 2008; Wang et al., 2009). Chief among
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these is the Na*/Ca? exchanger (NCX), a bidirectional low-affinity high-capacity ion
transporter that exchanges Na* and Ca2* depending on membrane potential and trans
membrane ion gradients (Few et al., 2008). The NCX system is the primary mechanism by
which cells regulate internal Ca2* concentrations. In forward mode, the NCX transporter
pumps Ca2* out of the cell and Na* into the cell (Ca2* efflux). In reverse mode it pumps
Ca?* into and Na* out of the cell (Ca%* influx). MTX causes the NCX to be stuck in the
reverse mode (Few et al., 2008). MTX is also known to activate Ca2*-permeable, non-
selective cation channels (NSCC) (Schilling et al., 1999; Lundy et al., 2004; Wisnoskey et
al., 2004), L-type voltage-sensitive Ca2* channels (VSCCs) (Su et al., 2004), and the Na*/H
* exchanger (NHE) (Wang et al., 2009). Work on neurons suggests that the initial response
to MTX involves activation of NHE and a large increase in intracellular Na*. Elevated Na*
levels would in turn foster the reverse mode of the NCX, which exchanges internal Na* for
external Ca2* (Wang et al., 2009). What is still poorly understood is whether MTX
independently affects each of these transport systems separately, or if it affects them through
a common control mechanism. It is possible that MTX binds to its own receptor(s), which in
turn regulates the opening of the various ion channels (Lundy et al., 2004; de la Rosa et al.,
2001; Wang et al., 2009).

The inhibitors selected this study were EDTA, polyethylene glycol (PEG), KB-R7943,
nifedipine, verapamil, and saxitoxin. EDTA tightly binds cations such as calcium making
them unavailable for entry into the cells. Polyethylene glycol is a flexible, water-soluble
polymer, which comes in a number of different molecular weights. When PEG molecules
with sufficient effective diameter are present, they will enter and block membrane ion
channels preventing influx of Ca2* into cells (Deeds, 2003; Movileanu et al., 2003; Hromada
et al., 2008; Hilf et al., 2010). KB-R7943 selectively inhibits the reverse mode of the NCX
(Frew et al., 2008). Nifedipine is a dihydropyridine L-type voltage sensitive calcium channel
blocker that inhibits trans membrane influx of calcium ions into cells. Verapamil is a similar
L-type calcium channel modulator that acts by plugging up the channels and limiting the
entry of calcium into cells at higher doses. Saxitoxin (STX) also blocks L-type CaZ*
channels as well as sodium channels which are its primary target (Su et al., 2004).

The other two inhibitors examined, chlorpromazine hydrochloride and quinacrine, affect the
downstream portion of the hemolytic pathway (Fig. 5). Chlorpromazine hydrochloride
specifically blocks the activity of calmodulin thereby preventing the activation of
phospholipase A2 (PLA2) and calpains (Zhang and Yuan, 1998), the enzymes which cause
the breakdown of the cell membrane. Quinacrine acts by directly inhibiting the activity of
both PLA2 and calpains (lgarashi et al., 1999; Farooqui et al., 2006). The suite of inhibitors
used in this study would fail to consistently inhibit the activity of reactive oxygen species
(ROS) (Chiu et al., 1982; Marshall et al., 2003), polyunsaturated fatty acids (PUFAS)
(YYasumoto et al., 1990; Landsberg, 2002; de Boer et al., 2009), or glycolipids (Marshall et
al., 2003; Emura et al., 2004; Ma et al., 2011; Pagliara and Caroppo, 2011) which are
produced by other phytoplankton species and known to cause hemolysis (Damude and
Kinney, 2008; de Boer et al., 2009; Law et al., 1980).

The inhibition experiments were initiated by preparing a standard whole cell extract from 10
mL aliquots of log phase cultures of Gambierdiscus ribotype 2 (CCMP isolate 1655)
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containing ~8650 to 11,080 total cells as described above. This isolate was selected because
it had been shown to constitutively produce both MTX and CTX (Lartigue et al., 2009;
Litaker et al., 2010). The extracts were serially diluted in ELA buffer and assayed using the
standard hemolytic protocol to establish the dilution which was just sufficient to cause
complete hemolysis. That dilution was then used as the amount added to each test well used
in determining how the differing inhibitor concentrations would affect hemolysis. In each of
the inhibition experiments, eight replicates were run for each inhibitor dilution tested.

As a control, purified MTX (Enzo Life Sciences, formerly Alexis Biochemicals, California,
USA) was diluted in ELA buffer to establish the concentration sufficient to cause complete
hemolysis. This concentration was then used to determine whether increasing concentrations
of the specific inhibitors suppressed hemolysis. Partially purified MTX and CTX extracts
were also prepared from ~ 8.9 x 10° late log phase Gambierdiscus ribotype 2 cells following
the protocol of Lewis et al. (2009). In this procedure, MTX partitions into the hydrophilic
phase and CTX into the hydrophobic phase. The reason for preparing these extracts was
two-fold. First, the extraction process eliminates the PUFAs (Yasumoto et al., 1990; de Boer
et al., 2009), glycolipids (Law et al., 1980; Emura et al., 2004; Ma et al., 2011; Pagliara and
Caroppo, 2011), and reactive oxygen species (Chiu et al., 1982; Marshall et al., 2003;
Damude and Kinney, 2008) known to cause hemolysis in other phytoplankton species, but
not MTX. By diluting the partially purified MTX extract based on the number of cells
extracted it was possible to prepare a stock solution which contained the same number of
extracted cell equivalents as used in the whole cell inhibition experiments to cause complete
hemolysis. An equivalent suppression of hemolysis in by various inhibitors in the presence
of pure MTX, whole cell extracts, and partially purified extracts containing MTX would be
consistent with MTX as the primary compound responsible for hemolysis in Gambierdiscus
species. Second, the purification process provided a way to determine whether the CTX-
containing fraction had measurable hemolytic activity. Tests using the CTX fraction showed
only minimal lysis even at a 2.5-fold dilution of the full strength extract in ELA buffer plus
5% methanol. This concentration was a 100-fold higher than the diluted MTX fraction
which caused complete lysis. These data indicated that the CTX fraction cause <1% of any
total observed hemolytic activity. Consequently, the CTX containing extracts were not tested
further.

The methods used for the various inhibition studies were as follows. In the EDTA
experiments, 125 pL aliquots containing 0, 0.20, 0.25, 0.50, or 5 mM EDTA were added to
erythrocytes suspended in ELA buffer containing 5% methanol and either purified MTX,
whole cell extract, or partially purified MTX extract as described above. Five percent
methanol was added to ensure that MTX remained fully dissolved. Preliminary studies
showed that five to ten percent methanol did not to increase hemolysis relative to saponin
controls containing no methanol. Two negative controls (125 uL ELA buffer, 5% methanol,
no EDTA and 125 pL ELA buffer, no methanol, no EDTA) and one positive control (125 pL
ELA buffer, 20 ug per saponin, 5% methanol, no EDTA) were included with each assay.

The (PEG) experiments were done by first preparing 60 mM solutions of 300, 600, 1450,
4000, and 8000 MW PEG in ELA buffer containing 5% methanol. Eight 125 pL replicates
of each MW PEG were then added to 96-well plates. Next, a mixture of ELA buffer,
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erythrocytes, 5% methanol, and a volume of purified MTX, whole cell extract, or partially
purified MTX extract sufficient to cause 100% lysis were combined. One hundred twenty
five puL aliquots were then added to the wells containing the various MW PEG solutions and
gently mixed at 400 rpm for 10 min to ensure thorough mixing. The remainder of the assay
was carried out as for EDTA including the use of the two positive and one negative control.
The final PEG concentration in each well was 30 mM. To determine if any of the observed
responses to PEG was likely due to osmotic differences among the various PEG solutions,
the osmolality of each PEG solution was determined using a Wescor 5500 Vapor Pressure
Osmometer (Wescor, Inc., Utah, USA) and expressed in mmol/kg. Any inhibition in
hemolysis which occurred between different MW PEG treatments having similar
osmolalities was assumed to be due to blockage of the ion channels and not to osmotic
stabilization of the cell membrane.

The KB-R7943 assays were carried out using a 10 mg mL™1 (23.4 mM) stock dissolved in
dimethyl sulfoxide. The stock was diluted in ELA buffer so that the final concentrations
were 100,10,1, 0.1, 0.01, and 0.001 uM. One hundred twenty five uL aliquots were then
used to test hemolytic activity as described above.

For the initial nifedipine and verapamil experiments, 100 mM solutions were prepared by
dissolving nifedipine in DMSO and verapamil in deionized water. The final concentrations
tested were 200, 100, 50, 20, 10, 5, and 1 uM. These experiments showed that these
concentrations suppressed hemolytic activity to only 75-80% of the control. The same
results were observed when a 334 UM stock of saxitoxin was diluted to final concentrations
of 1.9, 0.94, 0.47, 0.23, 0.12, and 0 uM (Fig. S3). These results are similar to those of
Igarashi et al. (1999) who noted that L-type channel blockers only minimally inhibited MTX
activity. It is also consistent with the fact that saxitoxins are known to bind less readily to
Ca?* channels than Na* channels, which are their primary target (Su et al., 2004). In order to
substantially inhibit hemolytic activity with all three of these inhibitors, it was necessary to
pre-incubate the erythrocytes with each inhibitor prior to adding MTX. In order to carry out
these experiments the procedure was altered slightly. The erythrocytes were diluted in ELA
buffer +5% methanol as before except that allowances were made in the total volume so that
small aliquots containing each inhibitor could be added to produce the final concentrations
listed above. The volume added did not significantly change the concentration of
erythrocytes in the final 125 pL aliquots. Once the inhibitors were added to the cells, the 96-
well plate was placed on an orbital ELISA plate shaker (Lab Line, Illinois, USA) at 400 rpm
for 10 min at room temperature. After incubation, 125 pL aliquots containing purified MTX,
whole cell extract, or partially purified MTX cell extract diluted in ELA buffer were added
to their respective sample wells and the assays were processed as described previously.

The chlorpromazine hydrochloride and quinacrine inhibition experiments were carried out in
the same manner as the EDTA experiment except that the replicate 125 L aliquots of
erythrocyte + whole cell extracts were incubated with either 0, 0.035, 0.07, 0.14, 0.7, or 2.8
mM chlorpromazine or 2.2, 4.4, 17.6, 52.8, 105.6, or 176 uM quinacrine.

To further confirm that other non-MTX related hemolytic compounds known to be present in
other phytoplankton were not present in Gambierdiscus extracts, whole cell extracts from
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log phase cultures of Gambierdiscus ribotype 2, G. belizeanus, and G. ruetzleriwere
prepared as described above. Triplicate 1.2 mL aliquots of each extract were heated to

100 °C for 10 min on a PTC 150 Minicycler (MJ Research, Massachusetts, USA) while
corresponding control aliquots were held on ice. Both sets of aliquots were then tested for
hemolytic activity. High temperatures are known to cause the loss of hemolytic activity by
PUFAs (Yasumoto et al., 1990; de Boer et al., 2009), glycolipids (Law et al., 1980; Emura et
al., 2004; Ma et al., 2011; Pagliara and Caroppo, 2011), and reactive oxygen species (Chiu et
al., 1982; Marshall et al., 2003; Damude and Kinney, 2008), but not MTX (Burke and Tester,
2002).

2.7. Statistical analysis

The ECsq data normalized on a per cell and a per biovolume basis were analyzed using a
Levene homogeneity of variance test (Zar, 1999). The specific data sets included the
hemolytic activity among () different species, (b) various growth phases, (c) regional
variations and (d) the effects of temperature on growth of G. caribaeus and G. carolinianus
isolates. For each data set with homogeneous variance, differences in hemolytic activity
were evaluated using a parametric analysis of variance (ANOVA) test. Those data sets which
failed the homogeneity of variance test were analyzed using a non-parametric one way
analysis of variance test from Kruskal and Wallis (1952). Nonparametric multiple
comparison tests were used to analyze statistical differences among treatment groups such as
the pairwise differences in hemolytic activity among individual species. The multiple
comparisons tests were performed to examine statistical differences among treatments (e.g.,
among different species in an experiment) used a modified Kruskal-Wallis approach (Siegel
and Castellan, 1988).

3. Results

3.1. Species-specific hemolytic activity

Hemolytic activity averaged across all three growth phases varied significantly among
species and fell into three different groups (Tables S1 and S2, p <0.001) (H-statistic =
49.461, df=5, p <1.79 x 1079). The most hemolytic species on a per cell basis were
Gambierdiscusribotype 2 and G. ruetzleri, which required only 39 + 26 or 39 + 31 cells
respectively to produce 50% hemolysis in 24 h (Fig. 1A). The species with intermediate
hemolytic activity included G. belizeanus (127 + 42 cells), G. caribaeus (183 + 81 cells) and
G. carpenteri (131 + 45 cells). The least toxic species was G. carolinianus (3854 + 4628
cells). A multiple comparison test (Zar, 1999) was performed to determine which species
had statistically different hemolytic activity. The results indicated the significant differences
among species were driven by the results for G. caribaeus, G. carolinianus, Gambierdiscus
ribotype 2 and G. ruetzleri (Table S3A). When the ECgq data were normalized to biovolume,
the same three relative toxicity groupings were observed (Fig. 1B; Table S3B). The only
notable variation in the biovolume normalized data was that G. ruetzleri was slightly more
toxic relative to the other species on a per um3 basis than on a per cell basis.

Overall, cell size varied extensively among species and was not significantly correlated with
either growth rate or hemolytic activity (Fig. S2, Table S4). Cell size tended to increase
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slightly during late log to stationary phase with the exception of G. caribaeus, which
decreased in size (Fig. S2). Regardless of cell size, hemolytic activity on a per cell basis was
observed to increase consistently in late log — early stationary phase in each species (Fig. 1).
The fact that hemolytic activity showed the same pattern normalized on a per cell or per
biovolume basis, indicates that the observed changes in hemolytic activity in late log — early
stationary phase were not due to changes in cell volume, but rather to real differences in the
amount of hemolytic compound(s) per mm3 of biomass (Fig. 1, S2).

In addition to the Caribbean isolates, we examined the hemolytic activity of two strains of G.
australes (ECsq cells, 69 + 31) and one strain of G. caribaeus (ECgq cells, 168) from Hawaii;
one strain of G. pacificus from the Society Islands, French Polynesia (ECsg cells, 34); and
one isolate of G. carolinianus from Crete (ECsg cells, 183). These resulting ECsp estimates
fell within the range observed for species from the Caribbean.

3.2. Regional differences in hemolytic activity

When we examined the data for G. carolinianus from throughout the Caribbean and Gulf of
Mexico, it was clear that regional hemolytic activity differences existed, but that those
differences were not correlated with latitude. Hemolytic activity of G. carolinianus from the
Gulf of Mexico and western Caribbean (ECsg = 167 + 31 cells, n =5), were higher than
those from the eastern Caribbean and West Indies (ECsq = 1638 + 848 cells, 7 =5). Isolates
from North Carolina, USA contained no appreciable hemolytic activity (ECsg = >10,621

+ 938 cells, n =5) (Fig. 2). Isolates of G. caribaeus from the Gulf of Mexico and western
Caribbean Sea were again higher (ECsq values of 136 + 37 cells, 7 =14) compared to those
from the eastern Caribbean (245 + 41 cells, 7 =12). The only other species where isolates
from multiple regions were available was G. ruetzleri where the strain collected in the
western Caribbean had an ECsq of 13 cells averaged over all three growth phases compared
to 64 cells for the isolate from North Carolina, USA (Fig. 3). An analysis of variance
indicated that regional differences observed for G. caribaeus were significant (p < 0.001;
Tables S5 and S6). A non-parametric ANOVA for the G. carolinianus data showed a
significant difference in hemolytic activity with region (Tables S5, S7 and S8). Equivalent
trends were observed for ECsg normalized to biomass.

3.3. Variations in hemolytic activity with growth phase

As noted previously, hemolytic activity was observed to increase in late log phase (Figs. 1-
3). To determine if these changes were statistically significant the data for G. caribaeusand
G. carolinianus were analyzed. These two species were selected because of the large number
of isolates available in our culture collection. The ANOVA for G. caribaeusindicated that
hemolytic activity varied significantly with growth phase (o < 0.001; Table S9). A multiple
comparison test indicated that log and mid-stationary phases were not significantly different,
despite the fact that both of these phases had consistently lower hemolytic activity than late
log -early stationary phase (Table S10). The differences in hemolytic activity between
growth phases were not significant for G. carolinianus (Table S11). When the corresponding
data for ECsq normalized to biomass were analyzed, the overall variation was higher and no
significant differences were observed between growth phases even though hemolytic activity
consistently increased in late log — early stationary phase.
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3.4. Effect of growth temperature on hemolytic activity

Isolates of G. caribaeus and G. carolinianus were grown at 20, 24, 27, and 31 °C and the
hemolytic activity determined in log, late log — early stationary and mid-stationary phase
(Table 2). A major goal of this experiment was to help establish whether or not the
temperature where maximal hemolytic activity occurred varied significantly between
species. The results indicated that G. caribaeus hemolytic activity increased between 20 and
27 °C, but that the hemolytic activity did not continue to increase from 27 to 31 °C. A
Kruskal-Wallis (1952) non-parametric ANOVA showed the increase in hemolytic activity
with temperature was significant (p < 0.03; Tables S12 and S13A). A multiple comparisons
test indicated this difference was solely driven by the difference in temperature between 20
and 27 °C (Table S13B). Hemolytic activity was therefore maximal at 27 °C for the
representative isolates tested. This result indicates that measuring hemolytic activity of
isolates grown at 27 °C provides a good comparative measure of inter-isolate and
interspecific difference in MTX toxicity.

The data for changes in hemolytic activity with growth phase were also analyzed to
determine if the trends observed at 27 °C stayed the same over a range of temperatures. The
data for G. caribaeus showed the increase in hemolytic activity in late log — early stationary
phase was again significant (p <0.02; Table S14A). The comparison test showed the
significant difference was driven by the differences between late log — early stationary phase
and mid-stationary phase (p < 0.01; Table S14B). As previously observed, the differences for
G. carolinianus were not significant (Table 2 and S15).

Membrane associated hemolytic activity

Preliminary experiments indicated a majority of the hemolytic activity remained associated
with the cell pellet. This observation implied that a majority of the hemolytic activity was
membrane associated. To determine how the amount of membrane-associated activity varied
with species, the hemolytic activity was determined for a representative isolate of all six
species in log, late log — early stationary and mid-stationary phases. The results again
showed that species fell into three distinct hemolytic activity groups. These findings also
indicated that the greater the hemolytic activity of the isolate, the smaller the percentage of
total activity that was initially membrane bound (Fig. 4).

To determine if the hemolytic activity associated with the cell debris solubilized over the 24
h incubation period, the hemolytic activity of freshly prepared whole cell and cleared lysate
were compared with a whole cell preparation which was incubated at 4 °C for 24 h, then
cleared by centrifugation prior to assaying the supernatant. The whole cell extract and
matching cleared lysate obtained on the same day had estimated ECsg values of 17.5 + 0.9
and 27.6 + 1.9 cells, respectively. The cleared lysate incubated for 24 h prior to assay had an
estimated ECgq of 20.36 + 2.6. These data showed that MTX associated with the cell debris
solubilized during the 24 h incubation period.

Inhibition and heat treatment studies

Increasing concentrations of EDTA, PEG, KB-R7943, saxitoxin, verapamil, nifedipine,
chlorpromazine, and quinacrine all equally inhibited hemolytic activity of purified MTX,
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Gambierdiscus whole cell extracts, and partially purified MTX-containing extracts (Fig. 6).
These results are consistent with MTX as the cause of the observed hemolytic activity in
Gambierdiscus species. The inhibition of lysis caused by PEG began as the effective
diameter of the PEG molecules increased from ~0.5 nm to 0.95 nm (PEG 300, 600, and
1450) (Lee et al., 2008). PEG molecules with an effective radius of >2 nm, completely
suppressed hemolytic activity (Fig. 6E, G). The estimated radius of the various Ca2*
channels, including NSCCs, range from 0.1 to 0.6 nm, with most estimates in the 0.5-0.6
nm range (McClesky and Almers, 1985; Ternovsky and Berestovsky, 1998; Cataldi et al.,
2002). Over the PEG MW size range where the bulk of inhibition occurred, there was little
change in osmolality (Fig. 6). This suggested that the reduction in hemolysis was due to
non-specific blockage of the ion channels rather than osmotic changes which stabilize the
membrane.

Results using eight MTX-specific pathway inhibitors were consistent with MTX as the
primary hemolytic compound in Gambierdiscus species (Figs. 5 and 6; Yasumoto et al.,
1979b; Nakajima et al., 1981; lgarashi et al., 1999; Frew et al., 2008). This conclusion was
supported by the finding that extracts heated to 100 °C retained full hemolytic activity.

4. Discussion

4.1. Species-specific differences in hemolytic activity

Gambierdiscus species varied significantly in toxicity (Fig. 1; Table 1 and S1-3). The
highest hemolytic activities were observed in Gambierdiscus ribotype 2 isolates and the
lowest in G. carolinianus (Figs. 1-3). Limited data on ciguatoxins (CTX), which are related
polyketide toxins produced by Gambierdiscus species, also indicated that some species are
significantly more toxic than others (Lartigue et al., 2009; Chinain et al., 2010; Litaker et al.,
2010; Fraga et al., 2011). The similarity in hemolytic activity normalized on both a per cell
and a per biovolume basis showed that differences in hemolytic activity were due to changes
in the amount or type of hemolytic compound per unit biovolume and not simply changes in
cell size. On a per cell basis, the hemolytic activities measured for the Gambierdiscus
species examined in this study were much higher than observed in other dinoflagellates. For
example, G. ruetzleriand Gambierdiscus ribotype 2 were four to six-fold more hemolytic
than Amphidinium, Coolia, Ostreopsis, and Prorocentrum species (Nakajima et al., 1981; de
Motta et al., 1986). The extent to which the higher hemolytic activity was due to the larger
cell size of Gambierdiscus, however, could not be determined because the cell volumes of
species used in the other studies were not reported.

An inverse relationship between growth rate and CTX toxicity has been reported for
Gambierdiscus species (Durand-Clement,1986; Lartigue et al., 2009; Caillaud et al., 2010;
Chinain et al., 2010). In contrast, in this study no significant relationship was observed
between growth rates and hemolytic activity per cell or per biovolume at any growth phase
(Table S4).

Evidence suggests that the hemolytic activity observed in this study is caused by MTX.
Consistent with this conclusion, studies where MTX or MTX + CTX-containing cell extracts
from different Gambierdiscus cultures were injected into mice revealed large inter-isolate
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variations in toxicity (Figs. 2 and 3; Yasumoto et al., 1979a; Bagnis et al., 1980; Higerd et
al., 1986; McMillan et al., 1986; Durand-Clement, 1987; Bomber et al., 1989b; Holmes et
al., 1990; Lartigue et al., 2009; Chinain et al., 2010). Whether the toxicity variations
represented species or isolate differences, however, could not be resolved because most
isolates were not identified to species.

The assays performed in this study measured total toxicity. So, it was not possible to
distinguish if differences in toxicity were due to variations in amount of hemolytic
compound per cell or to production of hemolytic compounds with varying toxicities. Work
by Holmes et al. (1990) and Holmes and Lewis (1994) suggests if maitotoxin is responsible
for hemolytic activity, then inter-isolate differences in hemolytic activity were due, in part,
to the specific congeners produced by each isolate. They showed that Gambierdiscus isolates
produce at least three unique MTX congeners, maitotoxins 1-3 (MTX-1, MTX-2, MTX3).
MTX-1 and MTX-3 are disulphated polyethers whereas MTX-2 is monosulphated. The
degree of sulphanation appears to affect the toxicity of the congener (Yokoyama et al., 1988;
Murata et al., 1991). MTX-2, for example, resulted in a more rapid time to death in mice
compared to an equivalent amount of MTX-1 (Holmes et al., 1990). If related polyketide
toxins such as CTX (Yasumoto, 2000), saxitoxins (Mihali et al., 2011) and brevetoxins
(Walsh et al., 2008; Watkins et al., 2008) are representative, it is likely that each species
produces more than one MTX congener and that the suite of congeners produced by each
species will vary. Whether species produce discernibly different congener suites is unknown.
Detailed LC-MS studies of multiple Gambierdiscus species will be needed to resolve this
question.

4.2. Regional and inter-isolate differences in hemolytic activity

Bomber et al. (1989a, 1989b, 1990) noted an intriguing negative correlation between the
latitude where a Gambierdiscus isolate originated and its toxicity (/2= 0.67, n=17). Low
latitude isolates were generally found to be more toxic than those isolated from higher
latitudes. The sample size supporting this trend, was small (17 isolates) and none of the
isolates were identified to species. Bomber et al. (1989b) hypothesized this gradient might
explain the higher frequency of ciguatera fish poisoning (CFP) at lower latitudes and the
relatively low occurrence of CFP despite the presence of abundant Gambierdiscus
populations in the Florida Keys. The methanol-based extraction procedure used in the
Bomber et al. (1989b) study likely solubilized both MTXs and CTXs. This suggests the
observed latitudinal gradient may have been heavily influenced by MTX as well as CTX
(Bagnis et al., 1980; Durand-Clement, 1987; Yasumoto et al., 1987; Holmes et al., 1990;
Chinain et al., 2010). Our results indicated major regional differences in hemolytic activity
exist for isolates originating from (a) the western Caribbean and Gulf of Mexico, (b) the
eastern Caribbean north to the Florida Keys and (c) the continental shelf off North Carolina,
USA (Figs. 2 and 3; Tables S5-8). Isolates in this study from the eastern Caribbean and Gulf
of Mexico, which are representative of the geographic range of the unidentified isolates
examined by Bomber et al. (1989a, 1989b, 1990), showed no indication of a latitudinal
gradient in toxicity (Figs. 2 and 3; Table 1). Isolates of the same species from this region (as
was the case for the other two regions), exhibited very similar hemolytic activities. These
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data suggested the original observation of an inverse toxicity versus latitudinal gradient was
probably due to an inadvertent selection of species with inherently different toxicities.

These results, however, do not exclude the possibility of a different type of latitudinal
gradient. All of the G. carolinianus isolates from North Carolina, USA, the most northerly
region sampled, were essentially non-toxic whereas those from the rest of the Gulf of
Mexico and Caribbean were toxic (Figs. 2 and 3). Adachi et al. (2012) observed a similar
pattern in Japan, where the species from the cooler, more northern locations exhibited little
toxicity whereas species from the warmer regions to the south were highly toxic.

The low within region variation in hemolytic activity, and the differences between regions,
suggest the potential for differentiated Gambierdiscus populations (Figs. 2 and 3; Table 1,
S6). This idea, however, should be viewed as a testable hypothesis until a more
representative sampling of isolates from other regions of the Caribbean and Gulf of Mexico
can be undertaken. Additional data will be necessary to determine if the observed regional
variation is due to sampling error or to true differences in hemolytic activity. Ling and Trick
(2010) noted similar regional differences in hemolytic activity in the raphidophyte
Heterosigma akashiwo, but did not speculate on the underlying selective mechanism
responsible for these differences. Similarly, lytic activity varies considerably among
different Alexandrium species as well as strains of the same species isolated from different
geographic regions (Tillman et al., 2008).

Gambierdiscus caribaeus and G. carolinianus, the species with the most isolates in this
study, were used to assess intraspecific variation in hemolytic activities (Fig. 2). For G.
carfbaeus, the intraspecific variation was approximately 1.8 fold. In contrast, the
intraspecific variations in ECsq values for G. carolinianus are approximately 1,000-fold
across regions. Whether the inter-isolate variation in other Gambierdiscus species is more
like G. caribaeus or G. carolinianus has yet to be determined.

The ECgq values for isolates obtained from other parts of the world also allowed a limited
assessment of how hemolytic activity among Gambierdiscus species varies globally. The
Pacific isolate of G. caribaeus from Hawaii had an ECsg value of 168 cells, similar to that
for the eastern Caribbean and Gulf of Mexico isolates. This is of particular interest because
G. caribaeus is one of the species known to have a worldwide distribution (Litaker et al.,
2010). Whether regional differences in hemolytic activity similar to those occurring in the
Caribbean exist in the Pacific is not known. The isolate of G. carolinianus from Crete had an
estimated ECg value of 183 cells which was comparable to the western Caribbean and Gulf
of Mexico isolates (Fig. 2). This is the first report for an isolate of G. carolinianus outside
the Atlantic. The other two species examined in this study were G. australes (isolated from
Hawaii, ECsq cells = 69 + 31) and G. pacificus (isolated from the Society Islands, French
Polynesia, ECsq cells = 34). To date these species only have been identified as occurring in
the Pacific and Indian Oceans (Litaker et al., 2010; Munir et al., 2011). Both species had
hemolytic activities comparable to the two most toxic Caribbean species, Gambierdiscus
ribotype 2 (ECsq cells = 39 + 26) and G. ruetzleri (ECsq cells = 39 + 31 cells) (Fig. 3). In
combination, these data show hemolytic activity estimates for isolates obtained from other
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parts of the world fall within the range of values observed in the Caribbean with some
species in each region having significantly higher hemolytic activity than others.

4.3. Variations in hemolytic activity with growth phase

The batch cultures investigated in this study represent progressively more nutrient limited
growth conditions. Hemolytic activity normalized on a per cell basis increased in all species
from log to late log — early stationary phase (7-39%), but then declined again in mid-
stationary phase (14-66% relative to the log phase) (Figs. 1-3). When normalized to
biovolume, the same relative changes in hemolytic activity per cell were observed. Studies
have shown that toxin levels per cell tend to increase as cells transition from nutrient
sufficient to nutrient limited growth, provided the toxin does not contain a growth limiting
nutrient (Granéli and Flynn, 2006). In phytoplankton, this increase in toxin content with
nutrient-limited growth is best explained by the carbon: nutrient balance hypothesis (CNBH)
(Bryant et al., 1983; lanora et al., 2006; Hardison et al., 2012). This hypothesis predicts that
as growth slows under nutrient-limitation, plants divert a greater portion of their fixed
carbon from growth to defense, often in the form of increased levels of anti-grazing and
allelopathic compounds (e.g. toxins). Diverting carbon into these compounds allows plants
to protect the photosynthetic electron transport chain against the damaging buildup of
electrons and free radicals. This happens until the photosynthetic apparatus can be down
regulated so that the rate of C-fixation more closely matches that needed to sustain slower
growth (Sakshaug et al., 1989; Sunda et al., 2007). The increased toxicity also deters grazing
losses as cell division rates decline. Under this scenario, toxicity increases into early
stationary phase then declines as the photosynthetic capacity and growth rate become more
balanced. The best illustration of this phenomenon in Gambierdiscus is the study by Chinain
et al. (2010) where a batch culture of Gambierdiscus polynesiensis was sampled at five day
intervals for forty days. At each sampling interval, cells were removed and extracted to
obtain the MTX or CTX fractions. These extracts were then assayed using the mouse
bioassay. As cells entered log phase growth both MTX and CTX toxicity per cell declined,
then increased steadily in late log and early stationary phase reaching their highest
concentration around day 25. By mid to late stationary phase (day 30), MTX and CTX
toxicity per cell both declined significantly. A similar increase in MTX or total MTX + CTX
toxicity per cell in late log — early stationary phase has been noted in other mouse LCsg
bioassay studies (Yasumoto, 1979b; Bomber et al., 1989b; Sperrand Doucette, 1996;
Lartigue et al., 2009). This increase was particularly apparent when the cells were P-limited
versus N-limited (Sperr and Doucette, 1996; Lartigue et al., 2009). These changes in MTX
toxicity with growth phase were consistent with those observed for hemolytic activity in this
study (Figs. 1-3). The only exception to this general trend was the report of Durand-Clement
(1987), which did not find a change in toxicity as cultures aged.

4.4. The effect of growth temperature on hemolytic activity

The hemolytic activities of the 56 isolates surveyed in this study were all grown at 27 °C.
Whether the results truly represent interspecific and intraspecific differences in hemolytic
activity depends on whether toxicity was measured at optimal temperatures for toxin
production. To address this issue, hemolytic activity was determined for G. caribaeusand G.
carolinianus isolates from different geographic regions grown at 20, 24, 27, and 31 °C. For
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G. caribaeus, hemolytic activity increased on average by about 5% from 20 to 24 °C and by
29% from 24 to 27 °C (Table 2). Only the increase from 20 to 27 °C was significant (Tables
S12-14). In contrast, G. carolinianus hemolytic activity showed a non-significant increase of
only 3-5% between 20 and 27 °C (Table S15). Elevated growth temperatures therefore either
failed to increase hemolytic activity, or to increase it only slightly. Durand-Clement (1986)
similarly reported that total toxicity measured using mouse bioassays for two different
Gambierdiscus isolates grown at 20 and 26 °C were the same. These data revealed hemolytic
activity for each species was maximal when growth temperatures were ~27 °C and the
resulting ECs data for isolates grown at 27 °C could be used to establish differences in
hemolytic activity among isolates and species. It also indicates that temperature plays a
minor role in regulating the toxicity of Gambierdiscus species.

4.5. Stability of hemolytic activity through time

Another striking feature of individual isolates is the stability of hemolytic activity through
time. The hemolytic activity of isolates measured as much as two years apart yielded ECsg
estimates which were within 5% of one another (Figs. 2 and 3, Table 1). Durand-Clement
(1987) and Chinain et al. (2010) observed a similar pattern where CTX per Gambierdiscus
cell remained constant over 15 years. These observations suggest that production of both
CTX and MTX are under strong genetic control and the amount of toxin produced remains
constant through time (Holmes et al., 1990; Lartigue et al., 2009; Chinain et al., 2010).

4.6. The amount of hemolytic activity associated with the membrane fraction

Depending on the species, ~ 60-90% of the hemolytic activity was associated with the cell
wall and cellular debris and not immediately released into solution when cells were lysed in
ELA buffer (Fig. 4). A recent report indicates that brevetoxins, which are structurally related
to MTX, are retained in membrane lined vesicles (Vigna et al., 2012). If hemolytic
compounds produced by Gambierdiscus are sequestered in similar structures or bound to
proteins it could account for why they are not immediately released into the aqueous phase
when cells are disrupted, but are instead released over a 24 incubation period. A slow release
of hemolytic compounds from the membrane is consistent with what is known about MTX.
Though MTX is water soluble, <3% of total cellular MTX is released into the culture media,
except during periods when cells begin to senesce and lyse (Holmes et al., 1990; Chinain et
al., 2010; Caillaud et al., 2011).

4.7. Inhibition studies support MTX as the dominant hemolytic compound produced by
Gambierdiscus species

The inhibition and heat treatment studies were all consistent with MTX as the primary
hemolytic compound produced by Gambierdiscus species (Figs. 5 and 6). The MTX
pathway inhibitors consistently suppressed hemolytic activity. These same inhibitors would
not consistently interfere with activity of the hemolytic reactive oxygen species (Chiu et al.,
1982; Marshall et al., 2003), polyunsaturated fatty acids (Yasumoto et al., 1990; Landsberg,
2002; de Boer et al., 2009), and glycolipids (Marshall et al., 2003; Emura et al., 2004; Ma et
al., 2011; Pagliara and Caroppo, 2011) produced by other phytoplankton species. This
conclusion is further bolstered by the results of the cell extraction experiments where the
polyunsaturated fatty acids, glycolipids, and proteins critical to the various hemolytic
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pathways cited above had been removed. The hydrophilic fraction from whole cell extracts
containing MTX exhibited the same hemolytic activity on a per cell basis as the whole cell
extracts (Fig. 6). Similarly, heating samples to 100 °C for 10 min, which deactivates
hemolytic polyunsaturated fatty acids, glycolipids, and proteins failed to reduce hemolytic
activity (Marshall et al., 2003; de Boer et al., 2009; Pagliara and Caroppo, 2011). MTX, in
contrast is heat stable.

The one set of hemolytic compounds produced by dinoflagellates, which would not have
been eliminated during the extraction process were the pore forming polyketides, such as
karlotoxins (KmTx) (Deeds, 2003; Deeds and Place, 2006; Sinkins et al., 2009). KmTxs
partition into the same hydrophilic fraction as MTX and are heat stable even when heated to
100 °C. Thus, a contribution by these compounds is possible but unlikely. Extensive
fractionation studies over 30 years have consistently shown Gambierdiscus species only
produce CTX, MTX and gambierol and no other polyketide toxins analogous to karlotoxins
(Yasumoto et al., 1976,1977,1979a, 1979b; Yasumoto, 1985; Holmes et al., 1990; Chinain et
al., 2010). The preponderance of evidence from these experiments therefore confirms the
earlier work of Igarashi et al. (1999) who suggested that hemolytic activity in Gambierdiscus
extracts is caused by MTX. Given that the Ca2* transport systems in erythrocytes have
homologues in other mammalian tissues, hemolytic activity is likely to be a good predictor
of relative MTX toxicity.

Interestingly, KB-R7943, which selectively prevents the Na*-Ca2* exchanger (NCX) from
transporting Ca2* out of the cell, completely suppressed hemolysis (Frew et al., 2008). This
result confirmed the NCX is a major target of hemolytic compounds produced by
Gambierdiscus species. The role of the Ca2*-permeable, non-selective cation channels was
not directly addressed in this study, but numerous reports have confirmed that MTX induces
calcium flux into all cell types via these pores (Schilling et al., 1999; Lundy et al., 2004;
Wisnoskey et al., 2004). In contrast, results from Igarashi et al. (1999) indicated that L-type
Ca?* channels were not the major target of MTX. The hemolytic activity results obtained in
this study using the L-type Ca2* channel blockers nifedipine, verapamil, and saxitoxin (Su et
al., 2004) were consistent with lgarashi et al. (1999). All these inhibitors only partially
suppressed hemolytic activity when erythrocytes were simultaneous incubated with an
inhibitor and purified MTX, whole cell extracts, or partially purified MTX-containing cell
extracts (Fig. 6). In contrast, hemolytic activity was completely suppressed when the
erythrocytes were pre-incubated with sufficiently high concentrations of nifedipine,
verapamil, and saxitoxin for 10 min prior to addition of either purified MTX, whole cell
extracts, or partially purified (MTX-containing) cell extracts (Fig. 5, Fig. 6F, H; S3). It is
possible that, given a head start, these inhibitors bind and block a common MTX receptor
which subsequently prevents MTX from triggering a Ca2* influx through the other ion
channels. The existence of such a receptor has been postulated but not substantiated (Lundy
et al., 2004; de la Rosa et al., 2001; Konoki et al., 2009; Wang et al., 2009). Another
possibility is that given a head start, these molecules function like PEG to plug the various
calcium channels thereby preventing MTX from triggering a Ca2* influx of into the cell.

Incubation of erythrocytes with the CTX-containing whole cell extract resulted in negligible
hemolysis, even when the extracts were used at a100-fold higher concentration than the
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corresponding MTX fraction which produced 100% lysis. This finding contrasts with an
early study of Nakajima et al. (1981) who reported Gambierdiscus CTX extracts had
hemolytic activity. This discrepancy could have been due to the extraction procedure used in
the original study which allowed carryover of some MTX into the “CTX” fraction. The lack
of significant hemolytic activity is also consistent with the fact the CTX activates Na* rather
than Ca2* channels (Gawley et al., 1992; Strachan et al., 1999; Ghiaroni et al., 2006) (Fig.
5).

In summary, this study showed that Gambierdiscus species varied significantly in average
toxicity as measured using a hemolytic assay. Toxicity consistently increased from log to
late log — early stationary phase and then declined in mid-stationary phase (Figs. 1-3; Sl).
This increase in toxicity was consistent with the carbon: nutrient balance hypothesis which
predicts that cellular carbon will be diverted to defensive compounds as growth slows.
Growth temperature did not dramatically affect hemolytic activity. Strong regional
differences in toxicity were observed, but did not conform to the latitudinal toxicity gradient
previously reported for Gambierdiscus species. The strong regional differences in hemolytic
activity indicate there may be regionally differentiated populations, but the selective pressure
that could account for these differences is unknown. Toxin production was consistent over
multiple years indicating these toxins are constitutively produced and under strong genetic
regulation. Data from various inhibition, cell extraction and heat treatment experiments were
all consistent with maitotoxin as the primary hemolytic compound produced by
Gambierdiscus species.
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Fig. 1.
A.) The average ECsq values normalized to the number of cells extracted (x1 standard

deviation) in log, late log — early stationary, and mid-stationary phase for each of the six
species tested. The number of isolates used to calculate these averages varied among species
(see Table 1). B) Same as A except theEC50EC5q values were normalized to cell biovolume

(um3).
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Fig. 2.

Hemolytic activity for G. belizeanus, G. caribaeus, and G. carolinianus in log (black bars),
late log — early stationary (gray bars) and mid-stationary phases (white bars) (Table 1). The
data are expressed as ECsg values normalized on a per cell basis and plotted on a log scale.
The data for the representative isolates of each species were divided into geographic regions
(the western Caribbean and Gulf of Mexico, the eastern Caribbean and Gulf, and from off
the coast of North Carolina, USA) based on the observed differences in ECsg values.
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The legend is the same as Fig. 2 except the species shown are G. carpenteri, G. ruetzleri, and
Gambierdiscus ribotype 2.
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Fig. 4.

Pegrcent of total hemolytic activity associated with the cell debris after the cells had been
disrupted using sonication. These data were determined using a representative clone for each
of the six species. For each isolate, the % hemolysis was determined when the cells were in
log, late log — early stationary and mid-stationary phase (3 data points for each species).
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Fig. 5.

anceptual diagram showing the maitotoxin (MTX) hemolytic pathway. Binding of MTX
opens certain ion channels allowing a large Ca2* influx into cells. This influx causes the
signaling molecule calmodulin to activate phospholipase A2 and calpains which degrade the
cell membrane resulting in cell lysis. The specific pathway inhibitors used in this study to
confirm that MTX is the primary compound responsible for the observed hemolytic activity
are indicated as numbered, italicized text. The two ion transporter systems shown in bold
font are the primary known ion channel targets of MTX.
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Fig. 6.

Tk?e effect of increasing concentrations of A) EDTA, B) chlorpromazine hydrochloride, C)
KB-R7943, D) quinacrine, E) PEG, F) nifedipine, and H) verapamil on the hemolytic
activity of whole cell extracts, partially purified maitotoxin (MTX)-containing cell extracts,
and purified MTX G) The relationship between osmolality (mmol kg™1 ) and the
approximate molecular diameter (hnm) for the various MW PEG solutions used in the
experiment. The results were expressed as a percent of total cell lysis compared to a saponin
control. Each of the inhibitor dilutions was incubated with a dilution of the whole cell
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extract or purified MTX just sufficient to cause complete lysis. For the treatments receiving
the partially purified MTX-containing extracts, each extract was diluted so the same number
of extracted cell equivalents were being added as in the whole cell treatment. The
purification process used to prepare the MTX-containing extracts eliminated compounds
produced by other phytoplankton and known to cause hemolysis. In the case of nifedipine
and verapamil, incubation carried out as in the other treatments only inhibited hemolytic
activity by about 60% at the highest concentrations. In contrast, pre-incubation of the
erythrocytes with nifedipine and verapamil for 10 min at room temperature prior to adding
the MTX containing solutions produced a complete suppression of hemolytic activity.
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